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© The methods concern fully utilizing storage ca- 
pacity in a heterogenous hierarchic disk array (10) 
having storage disks (12) of differing capacities. The 
disks (12) are segmented into multiple regions (35). 
One method links non-contiguous regions from in- 
dividual storage disks to form RAID areas. The RAID 
areas are mapped into a virtual storage space (40) 
that provides a view of the physical storage space as 
a single storage volume. Data is then stored In these 
RAID areas according to different redundancy cri- 
teria, such as RAID Level 1 and RAID Level 5. A 
second method fully utilizes of storage capacity by 
configuring the heterogeneous disk array to employ 
a minimum of two equal-sized storage disks that 
have larger capacity than other individual storage 
disks in the disk array. The contiguous regions 
across the multiple disks are then grouped together 
to form the RAID areas. 
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FIELD OF THE INVENTION 

This invention relates to data storage systems, 
such as a hierarchic disk array data storage sys- 
tems, and methods for utilizing storage disks of 
differing capacity in a single storage volume In 
such systems. 

BACKGROUND OF THE INVENTION 

Computer systems are constantly improving in 
terms of speed, reliability, and processing capabil- 
ity. As a result, computers are able to handle more 
complex and sophisticated applications. However, 
as computers improve, performance demands 
placed on mass storage and input/output (I/O) de- 
vices increase. There is a continuing need to de- 
sign mass storage systems that keep pace in 
terms of performance with evolving computer sys- 
tems. 

This invention particularly concerns the mass 
storage systems of the disk array type. Disk array 
data storage systems have multiple storage disk 
drive devices which are arranged and coordinated 
to fomn a single mass storage system. There are 
three primary design criteria for mass storage sys- 
tems: cost, performance, and availability. It is most 
desirable to produce memory devices that have a 
low cost per megabyte, a high input/output perfor- 
mance, and high data availability. "Availability" is 
the ability to recover data stored in the storage 
system even though some of the data has become 
inaccessible due to failure or some other reason 
and the ability to insure continued operation in the 
event of such failure. Typically, data availability is 
provided through the use of redundancy wherein 
data, or relationships among data, are stored in 
multiple locations. 

There are two common methods of storing 
redundant data. According to the first or "mirror" 
method, data is duplicated and stored in two sepa- 
rate areas of the storage system. For example, in a 
disk array, the identical data is provided on two 
separate disks in the disk an^ay. The mirror method 
has the advantages of high performance and high 
data availability due to the duplex storing tech- 
nique. However, the mirror method is also relatively 
expensive as it effectively doubles the cost of 
storing data. 

In the second or "parity" method, a portion of 
the storage area is used to store redundant data, 
but the size of the redundant storage area is less 
than the remaining storage space used to store the 
original data. For example, in a disk array having 
five disks, four disks might be used to store data 
with the fifth disk being dedicated to storing redun- 
dant data. The parity method is advantageous be- 
cause it is less costly than the mirror method, but it 



also has lower performance and availability char- 

acteristiGS-in-Gomparison to-the mirror method. 

One problem encountered in the design of disk 
array data storage systems concerns maximizing 

6 the use of storage capacity presented by the stor- 
age disks, while maintaining the desired availability 
and reliability of the data through redundancy. This 
problem is less troublesome for "homogeneous" 
disk arrays, which employ storage disk drive de- 

10 vices of equal storage capacity. On the other hand, 
the problem is clearly manifest in "heterogeneous" 
disk arrays which use storage disks of different 
storage capacity. Conventional heterogenous disk 
arrays often fail to utilize the portion of capacity on 

76 each storage disk that exceeds the capacity of the 
smallest disk in the configuration. This under utili- 
zation undesirably leads to a higher cost of stor- 
age. 

One prior art solution is to present the uneven 
20 storage disks of differing capacity to the host com- 
puter system as multiple independent storage vol- 
umes. This solution has the drawback of increased 
complexity and difficulty in capacity planning and 
data management. 

26 Another related problem concerns adding stor- 
age disk drive devices of larger capacity to an 
existing disk array data storage system. Evolving 
technology is ever improving the storage capacity 
of disk drive devices and thus, storage disks that 

30 are purchased later to increase storage capacity of 
an existing disk array typically have larger capacity 
than older disks presently found In the disk array. 
Adding these new larger disks can imbalance a 
previously homogeneous disk anray, as well as 

35 further diversify an already heterogenous disk ar- 
ray. In conventional disk arrays, the additional stor- 
age capacity of the new disks is often wasted 
because it exceeds the capacity of the smallest 
disk in the configuration. 

40 Accordir^gly, there is a need to improve utiliza- 
tion of all storage capacity in a disk array data 
storage system, while maintaining data availability, 
without resorting to defining multiple independent 
storage volumes. There is also a need for disk 

45 arrays to accommodate additional storage disks of 
different capacity and utilize their entire capacity. 

SUMMARY OF THE INVENTION 

60 This invention provides methods for utilizing 
uneven storage disks of differing capacity in a 
heterogeneous hierarchic disk array. The invention 
achieves this full utilization without presenting the 
storage disks of different capacities as separate 

56 storage volumes, but instead presents them to the 
host computer system as a single volume. 

According to one method for utilizing storage 
capacity, a heterogenous hierarchic disk array is 
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configured to include a minimum of two equal- 
sized storage disks whieh-are-also-the-largest-in 

capacity of the storage disks in the disk array. All 
of the storage disks in the array are then seg- 
mented into multiple regions. RAID areas are 5 
formed from contiguous regions across the multiple 
disks. The contiguous regions represent physical 
storage space at the same physical addresses on 
individual storage disks. 

The RAID areas are mapped into a virtual io 
storage space that provides a view of the physical 
storage space as a single storage volume. Data 
can then bo stored in the RAID areas according to 
selected RAID levels (such as RAID Level 1 or 
RAID Level 5) where each RAID area stores some 75 
redundant data. The two or more largest disks can 
therefore be used to store data according to mirror 
redundancy (for two disks or more disks of largest 
capacity) and/or parity redundancy (for three or 
more disks of largest capacity) in the contiguous 20 
storage regions that exceed the next largest capac- 
ity disks. 

Another method for utilizing storage capacity is 
to link non-contiguous regions from individual stor- 
age disks to form the RAID areas. Unlike contig- 25 
uous regions, these non-contiguous regions repre- 
sent physical storage space at different physical 
addresses scattered throughout the various mul- 
tiple storage disks. The RAID areas are again 
mapped into a virtual storage space that provides a 30 
view of the physical storage space as a single 
storage volume. Data is stored in the RAID areas 
according to selected RAID levels where each 
RAID area stores some redundant data. 

35 

DESCRIPTION OF THE DRAWINGS 

Preferred embodiments of the invention are 
described below with reference to the following 
accompanying drawings depicting examples em- 40 
bodying the best mode for practicing the invention. 

Fig. 1 is a diagrammatic block diagram of a 
memory system according to this invention. 

Fig. 2 is a diagrammatic illustration of storage 
space on multiple storage disks and shows data 45 
storage according to RAID Level 1 . 

Fig. 3 is a diagrammatic illustration of storage 
space on multiple storage disks and shows data 
storage according to RAID Level 5. 

Fig. 4 is a diagrammatic illustration of a mem- so 
ory mapping arrangement of this invention where 
two virtual storage spaces are mapped onto a 
physical storage space. 

Rg. 5 is diagrammatic illustration of storage 
space on multiple storage disks of differing capac- ss 
ity, wherein the two largest disks have the same 
capacity. Fig. 5 demonstrates the method of for- 
ming contiguous areas on the storage disks, includ- 




125 A2 4 



ing the two largest disks, for data redundancy 
— storage-— 

Fig. 6 Is a flow diagram showing the steps of 
the method demonstrated in Fig. 5. 

Fig. 7 is diagrammatic illustration of storage 
space on multiple storage disks of differing capac- 
ity, wherein one disk has larger capacity than the 
remaining disks. Fig. 7 demonstrates the method of 
forming non-contiguous areas across the disks to 
utilize all space on the disks. 

Fig. 8 Is a flow diagram showing the steps of 
the method demonstrated In Fig. 7. 

DETAILED DESCRIPTION OF THE INVENTION 

This disclosure of the invention is submitted in 
furtherance of the constitutional purposes of the 
U.S. Patent Laws "to promote the progress of 
science and useful arts". U.S. Constitution. Article 
1. Section 8. 

Rg. 1 shows a data storage system 10 con- 
structed according to this invention. Preferably, 
data storage system 10 is a disk array data storage 
system which includes a heterogeneous hierarchic 
disk array 11 having a plurality of uneven storage 
disks 12 of differing storage capacities. The data 
storage system 10 also includes a disk array con- 
troller 14 coupled to the disk array 11 to coordinate 
data transfer to and from the storage disks 12, and 
a RAID management system 16. 

For purposes of this disclosure, a "disk" is any 
non-volatile, randomly accessible, rewritable mass 
storage device which has the ability of detecting its 
own storage failures. It includes both rotating mag- 
netic and optical disks and solid-state disks, or 
non-volatile electronic storage elements (such as 
PROMs. EPROMs. and EEPROMs). The term "disk 
array" is a collection of disks, the hardware re- 
quired to connect them to one or more host com- 
puters, and management software used to control 
the operation of the physical disks and present 
them as one or more virtual disks to the host 
operating environment. A "virtual disk" is an ab- 
stract entity realized in the disk array by the man- 
agement software. The terms "single volume" or 
"volume set" mean a group of physical storage 
disks that belong together and function as a unit. 

The term "RAID" (Redundant Array of Inde- 
pendent Disks) means a disk array in which part of 
the physical storage capacity is used to store re- 
dundant information about user data stored on the 
remainder of the storage capacity. The redundant 
information enables regeneration of user data in the 
event that one of the array's member disks or the 
access path to it fails. A more detailed discussion 
of RAID systems is found in a book entitled. The 
RAIDBook: A Source Book for RAID Technology, 
published June 9, 1993, by the RAID Advisory 
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Board, Lino Lakes, Minnesota. 

Disk array controller 14 is GOupled-to-disk-array — 
11 via one or more Interface buses 13, such as a 
small computer system interface (SCSI). RAID 
management system 16 is operatively coupled to 
disk array controller 14 via an interface protocol 15. 
Data memory system 10 is also coupled to a host 
computer (not shown) via an I/O interface bus 17. 
RAID management system 16 can be embodied as 
a separate component, or configured within disk 
array controller 14, or within the host computer. 
RAID management system 16 provides a data 
manager means for controlling disk storage and 
reliability levels, and for transfen-ing data among 
various reliability storage levels. These reliability 
storage levels are preferably mirror or parity redun- 
dancy levels as described below, but can also 
include a reliability storage level with no redun- 
dancy at all. 

The disk array controller 14 is preferably im- 
plemented as a dual controller consisting of disk 
array controller A 14a and disk array controller B 
14b. The dual controllers 14a and 14b enhance 
reliability by providing continuous backup and re- 
dundancy in the event that one controller becomes 
inoperable. The methods of this invention, however, 
can be practiced with a single controller, or other 
controller configurations. 

Hierarchic disk array 11 can be characterizable 
as different storage spaces, including its physical 
storage space and one or more virtual storage 
spaces. These various views of storage are related 
through mapping techniques. For example, the 
physical storage space of the disk array can be 
mapped into a virtual storage space which delin- 
eates storage areas according to the various data 
reliability levels. Some areas within the virtual stor- 
age space can be allocated for a first reliability 
storage level, such as mirror or RAID Level 1, and 
other areas can be allocated for a second reliability 
storage level, such as parity or RAID Level 5. The 
various mapping techniques and virtual spaces 
concerning RAID levels are described below In 
more detail with reference to Fig. 4. 

Data storage system 10 includes a memory 
map store 21 that provides for persistent storage of 
the virtual mapping information used to map dif- 
ferent storage spaces onto one another. The mem- 
ory map store is external to the disk array, and 
preferably resident in the disk an'ay controller 14. 
The memory mapping Information can be contin- 
ually or periodically updated by the controller or 
RAID management system as the various mapping 
configurations among the different views change. 

Preferably, memory map store 21 is embodied 
as two non-volatile RAMs (Random Access Mem- 
ory) 21a and 21b which are located in respective 
controllers 14a and 14b. An example non-volatile 



RAM (NVRAM) is a battery-backed RAM. A bat- 
tery-backed~RAM-uses-energy ~f rom an- indepen- 
dent battery source to maintain the data In the 
memory for a period of time in the event of power 
5 loss to data storage system 10. One preferred 
construction is a self-refreshing, battery-backed 
DRAM (Dynamic RAM). 

The dual NVRAMs 21a and 21b provide for 
redundant storage of the memory mapping infor- 
10 mation. The virtual mapping information is dupli- 
cated and stored in both NVRAMs 21a and 21b 
according to mirror redundancy techniques. In this 
manner. NVRAM 21a can be dedicated to storing 
the original mapping information and NVRAM 21b 
75 can be dedicated to storing the redundant mapping 
information. In an alternative construction, a mir- 
rored memory map store can be configured using 
a single non-volatile RAM with sufficient space to 
store the data in duplicate. 
20 As shown in Fig. 1. the heterogenous disk 
array 11 has multiple uneven storage disk drive 
devices 12 having different sized capacity. Exam- 
ple sizes of these storage disks are one, two, or 
three Gigabytes, although other sizes are also suit- 
26 able. Despite the differing capacity, storage disks 
12 are presented to the host computer as a single 
volume set where the multiple disks function to- 
gether as a cohesive unit of memory. Additionally, 
the data storage system 10 is designed to permit 
30 "hot plug" of additional disks of similar or differing 
capacity Into available mechanical bays in the disk 
array while the disk array is in operation. The 
storage disks can be Independently connected or 
disconnected to mechanical bays that provide in- 
35 terfacing with SCSI bus 13. Disk array controller 14 
recognizes storage disks 12 regardless into which 
bay they are plugged. 

The storage disks 12 in disk array 11 can be 
conceptualized, for purposes of explanation, as be- 
40 ing arranged in a mirror group 18 of multiple disks 
20 and a parity group 22 of multiple disks 24. 
Mirror group 18 represents a first memory location 
or RAID area of the disk array which stores data 
according to a first or mirror redundancy level. This 
45 mirror redundancy level is also considered a RAID 
Level 1 . RAID Level 1 , or disk mirroring, offers the 
highest data reliability by providing one-to-one pro- 
tection in that every bit of data is duplicated and 
stored within the data storage system. The mirror 
50 redundancy is diagrammatically represented by the 
three pairs of disks 20 in Fig. 1 . Original data can 
be stored on a first set of disks 26 while duplica- 
tive, redundant data is stored on the paired second 
set of disks 28. 
56 Rg. 2 illustrates the storage of data according 

to RAID Level 1 in more detail. The vertical col- 
umns represent individual disks, of which disks 0, 
1. 2, and 3 are illustrated. The physical storage 
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space contained in this disk array of four disks can 
be configured into multiple stripes, as represented 
by the horizontal rows. A "stripe" extends across 
the storage disks and Is comprised of numerous, 
equal sized segments of storage space where one 5 
segment Is associated with each disk In the array. 
That is, a segment is the portion of a stripe that 
resides on a single disk. Each stripe holds a pre- 
determined amount of data which is distributed 
across the storage disks. Some segments of a io 
stripe are used for original data while other seg- 
ments are used for redundant data. 

In this example of mirror redundancy (RAID 
Level 1). data stored on disk 0 in segment 0 of 
stripe 0 is duplicated and stored on disk 1 in 75 
segment 0' of stripe 0. Similarly, data stored on 
disk 2 in segment 5 of stripe 2 is mirrored into 
segment 5' of stripe 2 on disk 3. In this manner, 
each piece of data Is duplicated and stored on the 
disks. The redundancy layout of Fig. 2 Is provided 20 
for explanation purposes. The redundant data need 
not be placed neatly in the same stripe as Is 
shown. For example, data stored on disk 0 in 
segment 2 of stripe 1 could be duplicated and 
placed on disk 3 in segment V of stripe S. 25 

With reference again to Fig. 1, the parity group 
22 of disks 24 represent a second memory location 
or RAID area in which data is stored according to a 
second redundancy level, such as RAID Level 5. In 
this explanatory illustration of six disks, original 30 
data is stored on the five disks 30 and redundant 
"parity" data Is stored on the sixth disk 32. 

Fig. 3 shows a parity RAID area layout in more 
detail. Similar to the mirror RAID area layout of Fig. 
2, the physical storage space of disks 0, 1, 2, 3 35 
can be configured into multiple equal sized stripes. 
In this illustrated example, data Is stored according 
to RAID Level 5 and the redundant data stored in 
the segments is referenced by letter P. The redun- 
dant P segments store the parity of the other 40 
segments in the stripe. For example. In stripe 0, 
the redundant P segment on disk 3 stores the 
parity of disks 0. 1, and 2. The parity for each 
stripe is computed by some function, such as an 
exclusive OR function which is represented by the 45 
symbol "e". The parities for the first four stripes 
(with the subscript numeral representing the cor- 
responding stripe) are as follows: 

Po = Segment 0 e Segment 1 © Segment 2 so 

= Disk 0 e Disk 1 e Disk 2 
Pi = Segment 3 © Segment 4 © Segment 5 

= Disk 0 © Disk 1 © Disk 3 
P2 = Segment.6 © Segment 7 © Segment 8 

= Disk 0 © Disk 2 © Disk 3 55 
P3 = Segment 9 © Segment 10 © Segment 1 1 

= Disk 1 0 Disk 2 © Disk 3 
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Parity redundancy allows regeneration of data 
which becomes unavailable on one of the disks. 
For example, if the data in segment 5 becomes 
unavailable, its contents can be ascertained from 
segments 3 and 4 and the parity data in segment 
P. Parity storage is less expensive than mirror 
storage, but is also less reliable and has a lower 
perfomnance. 

The disk arrangement of Fig. 1 is provided for 
conceptual purposes. In practice, the disk array 1 1 
would simply have a plurality of disks 12 which are 
capable of storing data according to mirror and 
parity redundancy. Among the available storage 
space provided by all disks 12, a portion of that 
storage space would be allocated for mirror redun- 
dancy and another portion would be allocated for 
parity redundancy. Preferably, disks 12 are config- 
ured to contain plural, equal sized storage regions 
(referenced as numeral 35 in Fig. 4), wherein in- 
dividual regions have multiple segments. Addition- 
ally, a uniform view of the entire storage space is 
presented to the user or host so that the RAID 
areas and data redundancy storing techniques are 
transparent to the user or host. These features are 
discussed below in more detail with reference to 
Fig. 4. 

Data storage system 10 manages the "migra- 
tion" of data between mirror and parity storage 
schemes. The management of both types of redun- 
dancy is coordinated by RAID management system 
16 (Fig. 1). RAID management system 16 manages 
the two different types of RAID areas in the disk 
array as a memory hierarchy with the mirror RAID 
areas acting similar to a cache for the parity RAID 
areas. Once data is moved from a parity RAID area 
to a mirror RAID area, the space it once occupied 
in the parity RAID area is available for storage of 
other data. RAID management system 16 shifts, 
organizes, and otherwise manages the data t>e- 
tween the mirror and parity RAID areas in accor- 
dance with a defined performance protocol. The 
process of moving data between the mirror and 
parity RAID areas is referred to as "migration". 

Data storage system 10 places -the more criti- 
cal data in the mirror RAID areas since this affords 
the highest performance and reliability. The perfor- 
mance protocols implemented by RAID manage- 
ment system 16 includes one of two preferred 
migration policies. According to the first migration 
policy, known as "access frequency", the most 
frequently accessed data on the hierarchic disk 
array is maintained in the min'or RAID area 18. 
Less frequently accessed data is maintained in the 
parity RAID area 22. According to. a second migra- 
tion policy, known as "access recency", the most 
recently retrieved data is maintained in the mirror 
RAID area 18 while the less recently accessed data 
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is stored in parity RAID area 22. Other performance 
protocols -may- be employed- ldeally ,— such -pro — 
tocols are defined based upon the specific com- 
puter application and the needs of the user. 

In this manner, the RAID management system 
16 effectively "tunes" the storage resources of a 
data storage system according to the application or 
user requirements. For instance, In an application 
requiring high performance and reliability, the RAID 
management system may create and define a pro- 
portionally larger mirror RAID area, thereby dedi- 
cating a larger amount of physical storage capacity 
to mirror redundancy, in comparison to the parity 
RAID area. Conversely, In an application where 
cost is premium and less importance Is placed on 
performance or reliability, the RAID management 
system may establish a proportionally larger parity 
RAID area in comparison to the mirror RAID area. 
Accordingly, the data storage system of this inven- 
tion affords maximum flexibility and adaptation. 

Fig. 4 illustrates a memory mapping of the 
available storage space of data storage system 10 
as multiple tiers of mapped virtual storage space. 
Each vertically elongated rectangle in the diagram 
represents a view of the physical storage space. In 
this diagram, physical storage space 34 Is referen- 
ced by two virtual storage views 40 and 50. Phys- 
ical storage space 34 is represented by four disks 
(such as disks 12 in Fig. 1) referenced by numerals 
0, 1,2, and 3. The four rectangles associated with 
the disks represent a view of the physical storage 
space wherein disks 1, 2, and 3 have approxi- 
mately equal storage capacity, and disk 0 has 
slightly less storage capacity. The storage space 
34 is partitioned Into areas AO, A1, A2, etc. Individ- 
ual areas contain numerous stripes, such as stripes 
O-Q in area AO. Individual areas also contain nu- 
merous regions 35. Regions 35 preferably consist 
of a selected number of uniform sized segments on 
every storage disk so that the regions are equal in 
size across the entire disk array. 

The storage space of the disks are mapped 
into a first or intermediate virtual view 40 of the 
physical storage space 34. This first virtual view is 
conceptually a set of RAID areas which, when 
viewed by the user or host application program, 
represents one large storage space indicative of 
the storage space on the disks 0, 1, 2, and 3. 
Accordingly, the height of the rectangle in the RAID 
areas is shown as higher than those of the disks. 

The RAID area storage space 40 is the view of 
storage that identifies the mirror and parity storage 
space. For instance, a RAID area 42 may represent 
a mirror RAID area of M blocks 43 while RAID area 
44 may represent a parity RAID area of N blocks 
45. These RAID areas relate to corresponding 
physical areas AO, A1, A2, etc., on the physical 
storage space 34. The mirror and parity RAID 



areas may or may not consume the entire storage 

spaGe~ 34^of-the- disk- array. -Accordingly, during 

certain applications, there may be unused and un- 
designated storage space that does not correspond 
5 to a particular RAID area. However, such storage 
space can be converted into a min'or or parity 
RAID area. 

The storage space available in the RAID areas 
is mapped into a second or front end virtual view 

10 50 which is a view of storage presented to the user 
or host application program. When viewed by the 
user or host application program, second virtual 
view 50 also represents a single large storage 
capacity indicative of the available storage space 

15 on storage disks 12. Virtual storage space 50 
presents a view of a linear set of equal sized 
storage blocks 52 and 53, referenced individually 

as 0. 1, 2,... J-1, J. J + 1 L-1, L. L + 1,..., etc. The 

virtual block storage space 50 is represented by a 

20 table of references or pointers to storage blocks in 
the view presented by RAID areas 40 (as repre- 
sented by arrows 54). There are at least two RAID 
areas that can be referenced from the virtual block 
table so that both mirror and parity storage areas 

25 are available. Preferably, the storage capacity of 
RAID areas 40 is divided into blocks of the same 
size as those of the virtual block view of storage 
space. 

The RAID management system 16 can dynam- 

30 ically alter the configuration of the RAID areas. The 
RAID areas may be enlarged or shrunk depending 
upon the data reliability needs at a particular time. 
As a result, the mapping of the RAID areas in the 
. first virtual view 40 onto the disks and the mapping 

36 of the front end virtual view 50 to RAID view 40 are 
generally in a state of change. The memory map 
store in NVRAMs 21a and 21b (Fig. 1) maintain the 
current mapping information used by RAID man- 
agement system 16 to map the RAID areas onto 

40 the disks, as well as the information emptoyed to 
map between the two virtual views. As the RAID 
management system dynamically alters the RAID 
level mappings, it also updates the mapping in- 
formation in memory map store 21 to reflect the 

45 alterations. 

The migration operation of data storage system 
10 is described in more detail in co-pending U.S. 
Patent Application Serial No. 08/108,137, filed Au- 
gust 19, 1993, and also assigned to Hewlett-Pac- 

50 kard. This patent application is incorporated herein 
by reference. 

The methods for maximizing utilization of stor- 
age capacity in a heterogenous hierarchic disk 
array will now be described with reference to Figs. 

66 5-8. 

Rgs. 5 and 6 show a first method for fully 

utilizing storage capacity in a heterogenous disk 
array. This method employs a rule that a minimum 
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of two storage disks of the largest capacity be 
present in the disk an^ay-eonfiguration^Therefore, 
the first step 100 is to configure the disk array with 
two or more storage disks with equal capacity that 
exceeds the storage capacity of the remaining 
disks in the array. Here, a heterogenous disk array 
of uneven disks 0-4 are configured to include two 
large storage disks 1 and 4 which have the same 
capacity. This capacity is greater than the storage 
capacities of the other disks 0, 2, and 3. 

At step 102, the storage disks 0-4 are seg- 
mented into multiple regions, which are referenced 
generally by numeral 35. Regions 35 are preferably 
of equal size throughout the disk array, and consist 
of one or more equal sized segments (see Fig. 4). 
The RAID areas A0-A4, etc., are then formed from 
contiguous regions on multiple storage disks (step 
104). "Contiguous regions'* are regions represent- 
ing the physical storage spaces on different disks 
that all have the same physical address. For exam- 
ple, RAID areas A3, A4, etc. each include a region 
from all five storage disks 0-4 at the same physical 
address on each disk; RAID area A2 includes a 
region from four storage disks 0, 1. 3, and 4; and 
RAID areas AO and A1 each include a region from 
disks 1 and 4. 

At step 106, the RAID areas A0-A4 are mapped 
into a virtual view of a single volume, as described 
above in Fig. 4. Therefore, the method of this 
invention utilizes all storage space in the 
heterogenous disk array without having to char- 
acterize the array as independent volumes to the 
host computer. Instead, the entire heterogenous 
array can be presented as a single volume. Data is 
then stored in the contiguous RAID areas (as repre- 
sented by the linear horizontal arrows) according to 
selected RAID levels, such as RAID Level 1 and/or 
RAID Level 5 (step 108). Each RAID area stores 
some redundant data. 

This method Is beneficial In that it permits 
utilization of the entire storage space on alt storage 
disks in the heterogeneous, single volume disk 
array. To illustrate this point, the combined storage 
space of RAID areas A3, A4, and so on, can be 
defined as set 0. The storage space in set 0 is 
equivalent to the amount of storage space that 
prior art heterogeneous disk arrays made available. 
However, in prior art arrays, any disk capacity 
beyond the smallest capacity disk (i.e., disk 2) was 
not utilized, unless the design resorted to the more 
complex design of presenting numerous storage 
volumes. 

According to the techniques of this invention, 
however, the additional capacity of disks 0, 1, 3, 
and 4 is utilized. RAID area A2 includes a region 
from storage disks 0, 1, 3. and 4, thereby defining 
an additional storage space of set 1 consisting of 
four disks. RAID areas AO and A1 each include a 



region from disks 1 and 4, where this aggregate 
space defines set 2-of additional storage space. 
Therefore, the method of this Invention allows full 
utilization of all disk space in all disks 0-4. thereby 

5 improving storage utilization over the prior art by as 
much as the space in sets 1 and 2. 

It is noted that data can be stored in sets 0 and 
1 (ie., RAID areas A2, A3, A4, etc.) according to 
either RAID Level 1 or RAID Level 5. These RAID 

70 areas contain contiguous regions from three or 
more storage disks, thereby making parity storage 
possible. Data is stored in set 2 (i.e., RAID areas 
A0-A1) according RAID Level 1, or minor redun- 
dancy. One disk is used to store the original data 

75 and the other disk is used to store the redundant 
data. Coincidentally, the same mirroring redundan- 
cy can be accomplished using RAID Level 5 in the 
two disk set. One disk is used to store the original 
data and the other disk is used to store the parity 

20 data. The parity data turns out to be identical to the 
original data, and hence effectively mirrors the 
original data. 

Figs. 7 and 8 show a second method for fully 
utilizing storage capacity in a heterogenous disk 

25 array. This method differs from the first method in 
that It is suited for any heterogenous disk array 
(and for that matter, any homogenous disk an^ay). 
regardless of the configuration. There is no con- 
figuration requirement of maintaining at least two 

30 largest-sized disks. The first step 200 is to sirnply 
configure the heterogenous disk array with storage 
disks of a differing capacity, such as that shown by 
uneven disks 0-4 in Fig. 7, Disk 3 has the largest 
capacity, followed by disks 1 and 4 which have the 

35 same capacity, followed by disk 0, and finally disk 
2. 

At step 202, the storage disks 0-4 are seg- 
mented into multiple, preferably equal-sized re- 
gions (which again are referenced generally by 

40 numeral 35). The next step 204 is to link non- 
contiguous regions from individual storage disks 0- 
4 to fomn various RAID areas. "Non-contiguous 
regions** are regions representing the physical stor- 
age space on different disks that have different 

45 physical addresses. Individual RAID areas consist 
of one region from all or a subset of each of the 
storage disks. 

The linking process is illustrated graphically by 
the serpentine arrow that includes regions 350-354 

50 of disks 0-4, respectively. The linking process is 
preferably implemented using a pointer chaining 
technique. A first table containing chain head point- 
ers is used to locate various RAID areas. One chain 
head pointer identifies an associated RAID area. A 

55 second table containing secondary chain pointers 
is then used to reference specific regions within the 
identified RAID area. Both tables are stored in 
memory map store 21. By maintaining the pointer 
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tables in the memory map store, the RAID areas 
can be easily-reconstructed-in the event-that-one-or — 
more disks fail. 

A secondary linking process that is preferably 
employed concurrently with the pointer tables is to 
embed regional pointers on the storage disks in the 
regions of each RAID area. The regional pointers 
point from one region to the next region to be 
linked. For example, in Fig. 7, region 352 points to 
region 353 as the next location of memory to be 
linked as port of the associated RAID area. The 
pointers include the address of the next region, and 
in some cases, the address to the previous region. 
The series of pointers form a reference chain which 
allows the storage system to sift through the stor- 
age disks to reconstruct the RAID area. This sec- 
ondary linking process can be used for recovery 
operations in the event of malfunction of disk array 
controller 14. 

At step 206. the RAID areas formed of non- 
contiguous regions are mapped into a virtual stor- 
age space the presents the physical storage space 
on disks 0-4 as a single storage volume to the user 
or host. Data is then stored according to various 
RAID levels, including RAID Level 1 and RAID 
Level 5, where each RAID area stores some redun- 
dant data (step 208). 

As storage capacity approaches full usage, 
data can be migrated to RAID Level 5 areas to 
optimize efficient use of the storage space. The 
proportion of data stored according to RAID Level 5 
in relation to data stored according to RAID Level 1 
thereby increases. RAID Level 5 uses less space 
for redundancy data. If all data were stored accord- 
ing to RAID Level 1, half of the storage space 
would be used for holding redundant data. For 
RAID Level 5 storage in a disk array of many 
storage disks, a much smaller fraction of the stor- 
age space is dedicated to redundant data. Accord- 
ingly, RAID Level 5 permits storage of more user 
data for a given disk array, but at a cost of lower 
performance and availability characteristics: Even- 
tually, as storage capacity is filled, all data might 
be migrated to RAID Level 5 areas. 

Both methods of this invention fully utilize the 
storage capacity of a heterogenous disk array to 
approximately the same extent. The second de- 
scribed method of linking non-contiguous areas 
affords slightly better flexibility and performance 
because the data can be spread more randomly 
throughout the disk array. This permits more uni- 
form access to regions throughout the disk array. 

The methods of this invention have the added 
benefit of promoting flexibility and adaptability to . 
newer disks of even greater capacity. When maxi- 
mum capacity on an existing disk array configura- 
tion is reached, one or more storage disks of 
greater capacity can be easily incorporated without 



fear of under utilizing the excess new space. The 

^techniques-described-herein-will-allow-the disk ar- 
ray to be reconfigured to utilize all space on all 
storage disks in the array. 

5 The methods of this invention are advanta- 

geous in that they allow full utilization of storage 
disks of differing capacity in a heterogeneous hier- 
archic disk array. The invention achieves this with- 
out presenting the storage disks as multiple stor- 

10 age volumes, but instead presents them to the host 
computer system as a single volume. 

In compliance with the statute, the invention 
has been described in language more or less spe- 
cific as to structural and methodical features. It is 

75 to be understood, however, that the invention is not 
limited to the specific features shown and de- 
scribed, since the means herein disclosed com- 
prise preferred forms of putting the invention into 
effect. The invention is, therefore, claimed in any of 

20 its forms or modifications within the proper scope 
of the appended claims appropriately interpreted in 
accordance with the doctrine of equivalents. 

Claims 

25 

1. A method for utilizing storage capacity in a 
data storage system having a heterogenous 
hierarchic disk array of multiple storage disks 
of different storage capacities, the storage 

30 disks defining a total physical storage space; 

the method comprising the following steps: 

(a) configuring the disk array to include at 
least two larger storage disks with the same 
storage capacity where the storage capacity 

35 of the at least two larger storage disks is 

greater than the storage capacities of other 
storage disks in the disk array; 

(b) segmenting the storage disks in the disk 
array into multiple regions (35); 

40 (c) forming RAID areas (42, 44) from contig- 

uous regions on multiple storage disks, the 
contiguous regions for each RAID area re- 
presenting physical storage space at the 
same physical address on individual storage 

45 . disks; 

(d) mapping the RAID areas Into a virtual 
storage space (50) that provides a view of 
the physical storage space as a single stor- 
age volume; and 

50 (e) storing data In the RAID areas according 

to selected RAID levels where each RAID 
area stores some redundant data. 

2. A method according to claim 1 wherein the 
55 data stored in a RAID area is stored according 

to a RAID level selected from a group consist- 
ing of RAID Level 1 and RAID Level 5. 
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3. A method according to claim 1 wherein data is 
migrated to -RAID Level 5 as -storage-capacity-- 
approaches full usage so that a proportion of 
data stored according to RAID Level 5 In rela- 
tion to data stored according to RAID Level 1 5 
increases to thereby optimize efficient use of 
storage space. 



4. A method for utilizing storage capacity in a 
data storage system having a heterogenous io 
hierarchic disk array of multiple storage disks 

of different storage capacities, the storage 
disks defining a total physical storage space; 
the method comprising the following steps: 

(a) segmenting the storage disks in the disk i5 
array into multiple regions (35); 

(b) linking non-contiguous regions from in- 
dividual storage disks to form RAID areas 
(42, 44), the non-contiguous regions repre- 
senting physical storage space at different 20 
physical addresses on the multiple storage 
disks; 

(c) mapping the RAID areas into a virtual 
storage space (50) that provides a view of 

the physical storage space as a single stor- 25 
age volume; and 

(d) storing data in the RAID areas according 
to selected RAID levels where each RAID 
area stores some redundant data. 

30 

5. A method according to claim 4 wherein the 
linking step (b) comprises connecting the non- 
contiguous regions using a pointer chaining 
technique where individual regions point to the 
next region in the linked RAID area. 35 



6. A method according to claim 4 wherein the 
selected RAID levels for storing data In step 
(d) is chosen from a group consisting of RAID 
Level 1 and RAID Level 5. 40 



7. A method according to claim 4 wherein data is 
migrated to RAID Level 5 as storage capacity 
approaches full usage so that a proportion of 
data stored according to RAID Level 5 in rela- 45 
tion to data stored according to RAID Level 1 
Increases to thereby optimize efficient use of 
storage space. 
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